A dilute magnetic liquid with Co nanoparticles with an average diameter of 5 nm in hexane has been studied systematically following the experimental approach proposed recently for observing memory effects in magnetic nanoparticles. All phenomena reported previously have been observed, which were earlier ascribed to the memory effect. However, the standard experiments for observing memory effects ͑low frequency as susceptibility and low field dc magnetization measurements͒ do not show the memory effect. To understand those observations, very detailed physical pictures, based on the relaxation of the individual particle, are proposed here.
INTRODUCTION
Because of the single domain nature of the magnetic nanoparticles ͑NPs͒, they are usually modeled as giant spin objects with significant anisotropy. The dynamics of isolated magnetic NPs have been successfully described by the thermally activated relaxation or superparamagnetism. Memory effect, a typical characteristic of spin-glass systems, 1 has been observed and intensively studied in nanoparticle systems. [2] [3] [4] [5] [6] Different experimental approaches have been employed to observe the memory effect in spin-glass system and particle systems. [2] [3] [4] [5] [6] [7] [8] [9] [10] The most acceptable experimental approaches for observing the memory effect include low frequency ac susceptibility 2-8 ͑ = Ј + Љ͒ and low field dc magnetization measurements. 5, 6, 9, 10 The experimental details for each approach are briefly described as the following.
The low-frequency ac susceptibility approach includes four steps, ͑a͒ as the sample is cooling down from a temperature ͑T H ͒ much higher than the freezing temperature of a spin-glass system at a constant rate, record the ac susceptibility; ͑b͒ stop at a temperature ͑T 1 ͒ below T F , wait for a period of time t 1 ͑a number of hours͒, and simultaneously measure ; ͑c͒ resume the cooling and record down to a base temperature, T base ; ͑d͒ heat the sample continuously from T base to the high temperature and record .
The low-field dc magnetization approach includes three steps, ͑a͒ cool the sample in a zero-field with a constant rate from T H ; ͑b͒ stop at a temperature, T 0 , below T F for t 1 then resume cooling down to T base ; ͑c͒ apply a small field at T base and measure M with increasing temperature up to T H . The difference between the resulting magnetization curve and a normal ZFC curve 11 ͑without a stop at T 0 ͒ around T 0 can be ascribed to the memory effect.
The above methods have been regarded as the standard experimental approaches to observe the memory effect in spin-glass as well as in interacting nanoparticle systems. [5] [6] [7] [8] [9] Very recently, Sun et al. performed a series of measurements on an interacting particle system and observed striking memory effects in the dc magnetization and magnetic relaxation. 12 It has been suggested that the striking memory effects go beyond those previously observed in standard experiments and should be associated with a hierarchical model rather than a droplet model. The major difference between the standard experimental approaches and those used by Sun et al. is that during the sample cooling and waiting period no field is applied in the standard methods, but a nonzero field is applied in the sample cooling and then changed during the waiting in the Sun et al. experiments. It is well known that a field change in a particle system below its blocking temperature will cause a sharp change in the magnetization and a long-time, logarithmic relaxation, thereafter Ref. 11, which may suggest that the striking phenomena observed in Ref. 12 could be caused by the field change during waiting. 13, 14 To fully understand the mechanisms of the experimental approach, we replicated Sun et al. experiments on a dilute magnetic fluid with Co particles with an average diameter of 5 nm and observed the same phenomena. 14 Since the particles are very weakly interacting or nearly noninteracting, their dynamics should be able to be described roughly by the pure thermal relaxation of individual particles rather than the collective dynamics ͑the memory effect͒. To confirm this, the standard approaches ͑low-frequency ac susceptibility and low-field dc magnetization measurements͒ have been employed on the same sample before and after the experiments. The results indicate that no memory effect is observed in the nearly noninteracting particle system when using the standard experimental methods. Therefore, the memory effect is not a unique interpretation to the phenomena observed by Sun et al. 15 In addition, we conducted a simple numerical calculation by using the size distribution extracted from the experimental results, in which only the simple relaxation of the individual particles is considered. The calculated data show the same phenomena as observed experimentally. Although we briefly presented core physics as a comment, 14 the full physical picture of the different experimental results has not been presented. In this paper, we give a clear picture of each experimental observation as reported in Ref. 12 .
EXPERIMENTS
The sample used in this study is composed of Co nanoparticles synthesized by the chemical method. 16 In an argonfilled glove box, 0.6 g of Co 2 ͑CO͒ 8 ͑in 3 mL of o-dichlorobenzene͒ was injected in a refluxing bath of 12 mL of o-dichlorobenzene ͑b.p., 182°C͒ in the presence of 0.1 mL of oleic acid and 0.2 g of trioctylphosphine oxide ͑TOPO͒. After continuing the reflux for 30 min, the heat source was then removed and the reaction mixture was allowed to cool to room temperature. The product was precipitated by adding ethanol ͑ϳ10 mL͒ and separated by centrifugation. A magnetic fluid was acquired after redispersal the precipitate in hexane ͑ϳ10 mL͒. The structure and the morphology of the particles were examined using the transmission electromicroscopy ͑TEM͒. The magnetic measurements were carried out on a Quantum Design superconducting quantum interference device ͑SQUID͒ magnetometer ͑MPMS-5s͒ with an ac susceptibility option in the temperature range from 10 to 150 K. Fig. 1 is a typical TEM image of the Co particles. The TEM image shows that the particles have a nearly spherical shape and an average diameter of 5 nm. To characterize the sample magnetically, we first measured the zerofield-cooled ͑ZFC͒ and field-cooled ͑FC͒ magnetization in a 100 Oe magnetic field on the diluted magnetic fluid with a temperature sweeping rate of 2 K / min. Since the liquid carrier is hexane, which has a freezing point of about 165 K, we cooled the sample from 300 K to the base temperature 10 K in a zero field and then all the measurements were limited below 150 K to guarantee that the sample was solid and to keep the particles fixed physically. Shown in Fig. 2 are the ZFC and FC magnetization curves. The ZFC curve peaks at 35 K, which corresponds to the average blocking temperature ͑͗T B ͒͘ of the system at 100 Oe and the FC curve monotonically decreases with increasing temperature. To examine the interaction between the particles, we plotted 1 / M versus T for the FC curve, as shown in the inset of Fig. 2 .
RESULTS AND DISCUSSION

Shown in
The perfect linearity of the curve for T ജ 35 K indicates that the dynamics of the particles above ͗T B ͘ can be described by superparamagnetism, a behavior of the individual particles. In addition, the FC curve represents the thermal equilibrium states of the sample. Therefore, the curve is described by the Curie-Weiss law, = M H = C ͑T−͒ . By fitting the data to the Curie-Weiss law, we find that = −10 K. The small negative value of suggests that a weak antiferromagnetic-type of dipole-dipole interaction exists in the system. The strength of the interaction obtained from the Curie-Weiss law can be considered as a mean interaction in the system, because a disordered system should have a distribution of interaction. This interaction can also be obtained by using Vogel-Fulcher law to analyze ac susceptibility data measured with different frequencies, which usually gives a very similar value as Curie-Weiss law. 17 Since the sample is very dilute, the interaction might suggest that it is not completely homogenous and contains small agglomerates. 17, 18 Another important feature is that the FC curve departs from the ZFC curve at about 50 K, which is much larger than ͗T B ͘ = 35 K. Actually, this departure temperature of the ZFC and FC curves should correspond to the maximum blocking temperature in the system. This implies the existence of an energy barrier distribution in the sample due to the size variation.
In addition to the dipole-dipole interaction, CasimirPolder-type Van de Waals interaction has recently been observed in the magnetic nanoparticle systems. 19 However, we believe that the Casimir-Polder-type Van de Waals interaction might not exist in our sample or be too week to be detected, because we did find that the blocking temperature increases with the particles size ͑Fig. 3͒, and because we did not find a halt in the magnetic relaxation curves measured in temperature range of 1.8 K up to the blocking temperature ͑Fig. 4͒. 19 Therefore, the sample might be considered as nearly noninteracting.
The interaction in our sample is very samll in comparison with the anisotropy energy U, which can be estimated by using U / k B =25T B , where T B is the blocking temperature. In this sample, T B is about 35 K, the anisotropy energy will be about several hundred K, being much larger than the interaction. Therefore the behavior of the particle can be considered as nearly noninteraction. Another evidence is that the interaction is so small that the perfect linearity of 1 / M FC for T ജ 35 K ͑the blocking temperature͒ indicates that the dynamics of the particles above ͗T B ͘ can be described by superparamagnetism, a behavior of the individual particles.
The most striking experimental observation reported by Sun et al. is the steplike behavior of the M͑T͒ curves ͑Fig. 2 of Ref. 12͒. These curves were obtained from the following procedure. The sample was cooled in 50 Oe field with a constant cooling rate of 2 K / min from T H to T base . After reaching T base , the sample was heated continuously at the same temperature sweep rate ͑2 K / min͒ to T H . The obtained M͑T͒ curves are the normal FC curve, which can be considered as a good approximation of the thermal equilibrium states. Then, the sample was cooled again at the same rate, but the cooling was stopped temporarily three times below ͗T B ͘ with a pause of t w = 4 h at each stop. During each temporary stop, the applied field was also turned off to let the sample relax. After the pauses, the applied field was reapplied and the cooling was resumed. The M͑T͒ curve obtained with the temporary pause shows the steplike behavior. Once the temperature reached T base , the sample was warmed continuously at the same rate to T H . The M͑T͒ curve obtained upon warming also shows the steplike behavior around each stopping temperature. Sun et al. suggested that the steplike behavior observed during reheating is due to the memory effect, and that the memory effect indicates that there is a hierarchical organization of metastable states resulting from significant interparticle interactions. It is well known that the hierarchical picture proposed for the spin-glass system requires a large number of degree of freedom to be coupled. The memory effect, thus, cannot be produced by a simple thermal relaxation. However, we believe the steplike M͑T͒ curves may not be just due to the memory effect, because the same behavior can be observed in a noninteracting particle system if the same experiments are performed. Shown in Fig. 5͑a͒ is the M͑T͒ curve obtained on our Co particles following the above procedure, with t w = 3 h, a temperature rate of 1 K / min, T H = 150 K , T base = 5 K and a 100 Oe applied field. As expected the steplike behavior of M͑T͒ is clearly seen and all the features of the curve are obviously the same as those reported in Ref. 12. Most importantly, we demonstrate that the steplike behavior has also been observed in a noninteracting particle system when using the experimental approach used by Sun et al. We show later that this system does not indicate the memory effect if we use the standard experimental approaches for observing the memory effect.
Actually, the steplike behavior shown in Fig. 5͑a͒ can easily be accounted for from the simple thermal relaxation of the individual particles. For simplicity, we consider a particle system as single domain particles with a uniaxial anisotropy and a size distribution and assume that the easy axes of the anisotropic particles are aligned in the same direction. For a field much smaller than the anisotropy field, H an , applied along the easy axis, the dynamics of each particle is governed by the energy barrier, U͑H͒ = KV͑1−H / H an ͒ 2 Ϸ KV ͑for example, H = 100 Oe and H an = 10 000 Oe͒ and the temperature, T, because the reversal rate of the magnetic moment follows Arrhenius law,
For each particle, therefore, there is a blocking temperature, T B , at which the relaxation time, 1 / ⌫, is equal to the time of one measurement, t m , i.e.,
For a ferromagnetic particle, ⌫ 0 =10 9 -10 10 s −1 and t m =30 s ͑for a SQUID magnetometer͒, we have U = KV Ϸ 25k B T B . Above T B , the particles is superparamagnetic and reacts immediately to a field change, whereas when T Ͻ T B , the reversal rate of the moment is determined by Eq. ͑1͒. For a distribution in V, there must be a similar distribution in T B . The anisotropy constant of the particles has been calculated to be 1.8ϫ 10 6 emu/ cm 3 with the average diameter of 5 nm and ͗T B ͘ = 35 K, which is in agreement with the value reported previously. 17, 20 It is shown that the ZFC and FC curves can be numerically obtained based on the thermal relaxation using a given size distribution and the anisotropy constant. 21 Shown in Fig.  2͑b͒ are the numerically calculated ZFC and FC curves using the size distribution and the anisotropy constant extracted from the ZFC curve in Fig. 2͑a͒ .
It is clearly seen that a peak appears in ZFC curve. The peak temperature is the average blocking temperature, ͗T B ͘. The FC curve was obtained by cooling the sample from T H , where all the particles are superparamagnetic ͑or in thermal equilibrium state͒. For a cooling rate of a few K / m, the FC curve ͑M FC ͒ should be a good approximation of the equilibrium state ͑M eq ͒. In both the ZFC and FC curves, with increasing T, particles with T B ഛ T become superparamagnetic and reach their equilibrium and their contribution to M is given by Curie law, i.e., 1 / T. The increase in ZFC for T below ͗T B ͘ is due to the relaxation of the particles whose blocking temperatures are not much higher than T, because the relaxation rate ͓Eq. ͑1͔͒ is extremely small for larger particles. As T increases a peak must appear in ZFC at ͗T B ͘, due to the 1 / T dependence of M when T is higher than the average blocking temperature.
We also performed a numerical experiment following the procedures used by Sun et al. to obtain the results shown in Fig. 5͑b͒ , which are basically the same as the experimental results in Fig. 5͑a͒ . Our results demonstrate that the steplike M͑T͒ can also be observed with the nearly noninteracting particles both experimentally and numerically. Now let us interpret the results using the thermal relaxation model. Since the numerical curves not only mimic the experimental results, but also give all the details of the curve at any temperature and time, we will follow the numerical results ͓Fig. 5͑b͔͒ to interpret the phenomena. It is evident that the cooling curve from T H to T 1 =25 K ͑point A͒ in a magnetic field ͑H = 100 Oe͒, at which the cooling is temporarily stopped and the applied field is cut off as well, follows FC. After H is cut off, M drops sharply to point B, by the amount of the contribution of particles with T B ഛ T 1 , because the moment reversal for particles with T B Ͼ T 1 occurs only through the activation process. During the waiting time ͑3 h͒, M decreases logarithmically to point C through the relaxation of the particles with T B being not much larger than T 1 . After field H is turned on, M increases immediately to point D, but cannot recover its original value at point A in a short time, because the moments of the particles that flipped down during the pause can flip back only through the slow thermal activation. As T decreases further, the relaxation rate for the reversed particles decreases exponentially and only small portion of the particles relaxes up at T near T 1 . Consequently, the overall behavior for the cooling curve ͑point D to point E͒ is very similar to the FC curve. Similarly, the behavior of the curves at T 2 ͑from point E to point H͒ shows is the same as observed at T 1 . The curve from point H to T base =5 K is due to the same mechanism as is the curve from point D to point E.
Similarly, the warming curve from T base will be also very similar to the cooling curve at low T due to the very slow relaxation rate for the larger particles with T B Ͼ T 2 . Only when T is approaching T 2 , does the relaxation rate become significant for the reversed particles at T 2 , and M begins to increase. The slight decrease in the warming curve from T base to point I is due to the same mechanism as in the FC curve. Since the significant relaxation of the reversed particles begins slightly below T 2 , M must be higher than the point H, and increases smoothly as in the ZFC curve. Finally, M recovers its value between T 2 and T 1 . As the temperature increases and approaches to T 1 , the relaxation rate becomes significant for the reversed particles at T 1 , and M begins to increase as it did around T 2 and finally it recovers the value corresponding to the FC curve. It is obvious that the steplike behavior obtained in the noninteracting particles can be interpreted in the context of the thermal activation of the individual particles, and the interaction between the particles is absolutely not essential to producing the steplike curves.
It might be argued that our experimental observations may also be due to the memory effect. To determine if this could be the case, we made the low-frequency ac susceptibility and low-field magnetization measurements using the standard approach 2-10 before and after the experiments reported in Fig. 5 . The results in Fig. 6 are the low-field dc measurements. 2 It is clearly seen that all the curves are superimposed ͑coincident with each other͒, and that no memory effect is observed. Figure 7 gives the low-frequency ac susceptibility measurements following the standard procedure. [2] [3] [4] [5] [6] [7] [8] The cooling during the ͑T͒ measurement is temporarily stopped at 15 K for t w = 7 h. Again, no memory effect is indicated by the curves. We believe that the steplike M͑T͒ curves shown in Fig. 5͑a͒ should not be due to the memory effect. Moreover, the weak interaction ͑it is about 10 K in this study͒ among the particles is unlikely to cause a spin-glass phase.
Furthermore, almost identical results to those shown in Figs. 3-5 in Ref. 12 have been experimentally and numerically replicated with our noninteracting Co particle sample. Shown in Fig. 8͑a͒ are the relaxation measurements from the Sun et al. ZFC method. The sample is first zero-field cooled from 100 K to 20 K. When a field of 50 Oe is applied, the magnetization immediately reaches a certain value ͑point A͒ as determined by the equilibrium magnetization of the particles with T B ഛ 20 K. Then, a slow logarithmic relaxation begins as shown in the inset of Fig. 8͑a͒ . The logarithmic relaxation is due to the energy distribution resulting from the size distribution of the particles. 22 The relaxation was recorded for 8000 s͑t 1 ͒ , point A → point B. After t 1 , the sample is quenched to 5 K under the constant field and the relaxation was recorded for 8000 s͑t 2 ͒ , point C → point D.
The sudden increase in magnetization ͑point B to point C͒ is due to the particles with T B ഛ 20 K and those that flipped during t 1 reach their new equilibrium state at 5 K as in the FC case. Since only the particles with T B Ͼ 20 K are not in the equilibrium state and relax extremely slowly at 5 K, the curve recorded at 5 K is almost constant. Finally, the sample was heated to 20 K and then allowed to relax for another 8000 s͑t 3 ͒ , point E → point F. When the sample is heated back to 20 K, the particles with T B Ͻ 20 K and those relaxed during t 1 + t 2 return to the equilibrium state at point B ͑or point E͒, because they approximately follow the equilibrium curve, i.e., the FC͑w͒ curve. Therefore it is evident that the relaxation in t 3 will be the continuation of the curve in t 1 , the inset of Fig. 8͑a͒ . It is also obvious that the phenomena can be interpreted by the thermal activation events of the individual particles.
The results shown in Fig. 8͑b͒ were obtained through the FC method, which can be similarly interpreted by the pure thermal activation of the individual particles. After the sample was first cooled in a 50 Oe field from 100 K to 20 K, the field was cut off and the magnetization was recorded for t 1 = 8000 s , point A → point B. At 20 K, after the field was cut off, particles with T B ഛ 20 K do not contribute to the measured magnetization, because their equilibrium state has zero magnetization. This explains the sharp drop in M after the field was cut off. The logarithmic relaxation results from the particles with T B Ͼ 20 K. After t 1 , the sample was quenched to 5 K in the zero-field and the magnetization was recorded for t 2 = 8000 s at 5 K, point C → point D. As the sample is quenched to 5 K, the remnant magnetization increases very slightly due to the reduced thermal agitation of the magnetization. Again, since the relaxation rate, determined by Eq. ͑1͒ for each particle with T B Ͼ 20 K, is extremely small, the curve measured during t 2 is almost flat. Finally, the sample was heated back to 20 K and the magnetization was measured for another time t 3 = 8000 s , point E → point F. When the particles are heated back to 20 K, the magnetization returns to the value before the quenching, because almost no flipping occurs at low T. Obviously the curve in t 3 must follow the curve in t 1 , as shown in the inset of Fig. 8͑b͒ .
We also performed the experiments using the methods employed by Sun et al. to obtain the results shown in Fig. 4 of Ref. 12 . We observed basically the same phenomena, as shown in Fig. 9 . For the FC method, after the sample being cooled from 100 K in a 50 Oe field to 20 K, the field is cut off, and the magnetization is measured for t 1 = 8000 s , point A → point B. The measured magnetization is the same as that for time t 1 in Fig. 8͑b͒ . The difference here is that after the sample is quenched to 5 K in the zero field, a 50 Oe field is turned on. The sharp jump in M , point B → point C, results from the increase in magnetization of the particles with T B ഛ 5 K. During t 2 , point C → point D, the magnetization increases due to the relaxation of the particles whose T B is not much greater than 5 K. After t 2 , the field was turned off, and the magnetization jumped down from point D to point E. A closer examination reveals that the change from point B to point C is almost equal to the change from point D to point E, because both are due to the fact that the particles with T B ഛ 5 K reach their thermal equilibrium immediately following the field change. When the temperature is raised to 20 K, the particles that relax during t 2 flip back during the temperature increases from 5 K to 20 K, point E to point F. After the temperature loop, the system returned to its state before the quenching. Again the curve in t 3 , Point F to point G, must be a continuation of the curve in t 1 , as shown in the inset of Fig. 9 .
Similarly, the results shown in Fig. 4͑a͒ and Fig. 5 of Ref. 12, can be easily understood in the context of the thermal relaxation of the individual particles.
CONCLUSION
In summary, we have performed experiments on nearly noninteracting Co particles by using the same experimental scheme described in Ref. 12 and reproduced all the phenomena presented there. We have also described a very detailed picture and explained all the phenomena based on the thermal relaxation model of individual particles. Therefore, the observations presented in Ref. 12 are not sufficient proof for memory effect, at least, in particle systems.
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